The SSXII is a novel x-ray imager designed to improve upon the performance limitations of conventional dynamic radiographic/fluoroscopic imagers related to resolution, charge-trapping, frame-rate, and instrumentation-noise. The SSXII consists of a CsI:Tl phosphor coupled via a fiber-optic taper (FOT) to an electron-multiplying CCD (EMCCD). To facilitate investigational studies, initial designs enable interchangeability of such imaging components. Measurements of various component and configuration characteristics enable an optimization analysis with respect to overall detector performance. Photon transfer was used to characterize the EMCCD performance including ADC sensitivity, read-noise, full-well capacity and quantum efficiency. X-ray sensitivity was measured using RQA x-ray spectra. Imaging components were analyzed in terms of their MTF and transmission efficiency. The EMCCD was measured to have a very low effective read-noise of less than 1 electron rms at modest EMCCD gains, which is more than two orders-ofmagnitude less than flat panel (FPD) and CMOS-based detectors. The variable signal amplification from 1 to 2000 times enables selectable sensitivities ranging from 8.5 (168) to over 15k (300k) electrons per incident x-ray photon with (without) a 4:1 FOT; these sensitivities could be readily increased with further component optimization. MTF and DQE measurements indicate the SSXII performance is comparable to current state-of-the-art detectors at low spatial frequencies and far exceeds them at higher spatial frequencies. The instrumentation noise equivalent exposure (INEE) was measured to be less than 0.3 µR out to 10 cycles/mm, which is substantially better than FPDs. Component analysis suggests that these improvements can be substantially increased with further detector optimization.
INTRODUCTION
Improved visualization of fine anatomical morphology and structural details of interventional devices to enable accurate deployment requires increasingly higher resolution and higher quality images, obtainable in real time -all while keeping the patient dose to a minimum 1, 2 . Flat panel detectors (FPD) have been widely adopted as the technology of choice, replacing x-ray image intensifiers (XII). Much work is underway in an effort to improve upon the various limitations of FPDs, including clever new design concepts and computer algorithms, aimed at reducing the effect of instrumentation noise 3, 4 and temporal blur 5, 6 , while moving towards smaller pixel sizes 7 (with reasonably high fill factors). Time will tell how far FPD technology will advance and how well it can adapt to fulfill the increasingly demanding requirements and expectations placed on medical x-ray imagers. However, a prototype solid state x-ray image intensifier (SSXII) module 8 , currently under development, has already demonstrated great promise to provide the improved imaging capabilities necessary to meet 21 st century demands. The SSXII has been shown to provide excellent distortion-free, high-resolution images with negligible instrumentation noise and temporal blur 9 . The detector MTF and DQE have been measured to objectively quantify the vast improvements over current technologies [10] [11] [12] .
The goal of this work was to measure the performance of each individual component in the imaging chain of the SSXII and to then study the resulting effect each component has on the overall detector performance. It is then possible to EMCCD Camera t-j Cs't(TI) FOT discern if the components are performing satisfactorily and to weigh the cost and benefits of each component. Such an optimization analysis is expected to lead to even further improvements beyond those currently realized. Extrapolated performance measures for various design configurations are used to quantify such potential improvements. Measurements of detector performance were also done on a Varian Paxscan 2020+ FPD (Palo Alto, CA) to put the results in perspective with current state-of-the-art detector technologies.
MATERIALS AND METHODS

The Solid-State X-Ray Image Intensifier
The SSXII consists of a 350 µm thick CsI:Tl phosphor coupled to an EMCCD camera (Photonic Science LTD, East Sussex, UK) via a 4:1 FOT. A schematic of the SSXII prototype module is shown in figure 1 . The imaging components are packaged in a light-tight enclosure which can be mounted on a clinical c-arm gantry for combined large field-of-view (FOV) low-resolution imaging with a FPD and high-resolution region-of-interest (ROI) imaging with the SSXII 14, 15 .
To facilitate investigational studies, the initial designs employ two fiber optic plates (FOPs) to enable interchangeability of the phosphor and FOT. The phosphor is grown on a separate FOP (commonly referred to as a fiber optic scintillating plate or FOS) and the EMCCD camera has a fiber optic input window (i.e. a FOP bonded to the EMCCD sensor). FOTs with varying magnification ratios and different phosphor materials/thicknesses can be installed or omitted in order to determine their effects on the overall detector performance, enabling an optimization analysis specific to a particular imaging task (i.e. neurovascular, chest, or breast imaging).
Photon Transfer
Theory
Photon transfer has been used over the past several decades for calibrating, characterizing, and optimizing CCD performance 16 and more recently for characterizing EMCCD performance 17 . The photon transfer technique exploits the signal and noise transfer properties of a CCD (or EMCCD) camera system. When exposed to a uniform Poisson distributed light source, the resulting image signal distribution can be used to obtain valuable information regarding sensor performance without knowledge of individual transfer functions. Perhaps the most useful result of the photon transfer technique is the camera gain constant, K, which provides the conversion factor from arbitrary units of digital numbers (DN) to absolute units of electrons (e -), by simply measuring the signal and signal variance (image noise) of an image formed from a uniform Poissonian light source. K can be determined using the following equation 18 ,
where S(DN) is the average output signal, σ S 2 (DN) is the output signal variance and σ R 2 (DN) is the read-noise floor variance (i.e. the output signal variance of a dark-field or zero-signal image), all in units of DN. Sensor performance can then be measured in absolute units of e -: the read noise can be determined from the zero-signal variance; the full well capacity (S FW ) can be obtained by plotting the signal variance versus signal where the signal corresponding to the maximum variance corresponds to the point where the pixels begin to saturate, above which the noise will subsequently Figure 1 . Schematic of the solid-state x-ray image intensifier (SSXII) module which includes a CsI(Tl) fiberoptic scintillating plate (FOS), a fiber-optic taper (FOT) and an EMCCD camera with fiber-optic input window. The design is extensible to an array of such modules to provide an increased field-of-view 13 . Note: the light tight enclosure has been omitted so that the inner components can be seen.
decrease; the dynamic range can be determined by taking a ratio of the full well capacity and the read noise and converting to decibels if desired.
Measurement
To measure the EMCCD sensor performance using the photon transfer technique, the phosphor was removed because the x-ray to optical photon conversion process provides a stochastic gain (i.e., has a gain greater than 1) and would result in a non-Poisson distribution of optical photons incident on the sensor. The EMCCD sensor was then exposed to a 2 x 4 array of LED light bars (Model KB2885SGD, Kingbright Corp., Taiwan), providing an approximately uniform light source with a peak wavelength of 565 nm, similar to that of CsI:Tl. The intensity of the light was varied by varying the voltage supplied to the diodes such that the measurements were done across the full range of the detector. Measurements were also done at several different EMCCD gains. Due to the probabilistic nature of the EMCCD gain process, an additional noise component was required to be taken into account as described by the excess-noise factor 19 , F, where
M is the EMCCD gain and N is the total number of multiplication stages in the multiplication register (N = 400 for the sensor used). Equation 1 was then modified to take into account this additional noise using the following equation,
for gain values greater than unity. It has been shown that this excess-noise term is negligible when imaging secondary (optical) quanta from an x-ray converting phosphor 20 , and is applicable only when imaging optical photons with the phosphor removed.
X-Ray Sensitivity
The detector x-ray sensitivity (after re-coupling of the CsI:Tl phosphor) was measured in units of electrons at the EMCCD sensor per incident x-ray photon (e -/xph). Two different standard x-ray spectra (RQA 3 and RQA 5) were used. A range of exposures, measured using a calibrated ionization chamber (Keithley 35050A) in accordance with the IEC guidelines 21 , covering the operating range of the detector were used. The slope of a plot of average signal versus detector entrance exposure was determined and provided the x-ray sensitivity in units of DN per unit exposure. This arbitrary sensitivity was then converted to absolute physical units (e -/inc xph) using the camera gain constant, K, and the calculated x-ray photon fluence 22 .
MTF and Transmission Efficiency of Individual Optical Components
The MTF and transmission efficiency were measured for individual optical components using various configurations of the detector system. Measurements were done with both x-ray and optical photons, depending on whether or not the CsI:Tl phosphor was implemented. The x-ray exposure was measured using the calibrated ionization chamber and the optical photon flux was measured using a calibrated photodiode (Model FDS100-CAL, Thorlabs, Newton, New Jersey). MTF measurements were done using the standard edge response method 23 , where a straight edge, slightly angulated at ~1.5 degrees, was placed directly on the input surface of the detector for each configuration studied.
The MTF of the phosphor was estimated by measuring the detector MTF with and without the CsI:Tl coupled directly to the FOP (i.e. without the FOT in both cases), using x-rays and visible light, respectively, according to
The MTF and transmission efficiency of the 4:1 FOT was determined by measuring the MTF and x-ray sensitivity with and without the 4:1 FOT in the imaging chain, both with and without the 350 µm CsI:Tl phosphor, using x-rays (RQA 3 and RQA 5) and visible light, respectively as described by
The MTF of the FOT was determined from the visible light measurements and a ratio of the x-ray and visible light measurements was used to estimate the MTF associated with use of x-rays (e.g., due to Compton scattering or veiling glare), where
The combined MTF of the EMCCD sensor and FOP was measured by illuminating the edge, placed directly on the surface of the FOP, with the LED light bar array and the transmission efficiency was measured using a plot of the number of incident light photons per pixel versus the number of visible light photons absorbed at the sensor (i.e. the image signal in electrons).
For each measurement, the fiber optic components were removed and then re-coupled three times and the transmission efficiency/MTF was measured, each time, to minimize potential variability resulting from differences in the optical couplings. The standard deviation of the three measurements was used to provide an indication of the variability or precision of the measurements.
Spatial-Frequency-Dependent Insturmentation Noise Equivalent Exposure (INEE)
The performance of high-sensitivity x-ray imagers may be limited by additive electronic instrumentation noise rather than by quantum noise when operated at the low exposure rates used in fluoroscopic procedures. Instrumentation noise is often specified by vendors in units of electrons and medical physicists often use the normalized noise power spectrum in units of mm 2 , both of which are generally not as intuitive as would be a direct radiological representation (in terms of exposure). Previous attempts to gauge the quantum noise limited performance range, most common of which examines the constancy of the product of the NNPS and exposure (or similarly, the constancy of DQE) with exposure 24 to verify instrumentation-noise free operation over a particular range of exposures, fall short of providing a direct quantitative measure. The instrumentation noise equivalent exposure (INEE) addresses this need by providing a direct quantitative measure of the quantum noise limited exposure range of x-ray detectors by providing the exposure at which the additive instrumentation-noise equals the quantum-noise 8, 25, 26 . The INEE can be directly determined through experimental measurements of image noise (or signal-variance) as a function of incident exposure.
The INEE methodology may be generalized to include spatial-frequency effects by using the two-dimensional NPS instead of the signal-variance 27 , where the NPS can be considered to be the variance divided among the various frequency components of the image 22 . The NPS for each noise source is additive 28 and can be separated into a quantum noise term which scales with the exposure and an additive noise term which is independent of exposure is the additive NPS which characterizes all additive noise sources that are independent of E, largely resulting from the additive electronic instrumentation noise. The images are gain and offset corrected, so there is no structure term appearing in equation 7, which would scale proportionally with E 2 . The different noise contributions can then be separated using a straight line fit of the NPS(u,v,E) plot as a function of exposure, at each spatial frequency u and v. The exposure at which the quantum-noise equals the additive electronic instrumentation noise [i.e., the instrumentation noise equivalent exposure (INEE)], for each spatial frequency, can then be determined by dividing the intercept by the slope of the fitted line or alternatively by taking a ratio of the additive NPS and the quantum NPS per unit exposure: 
SUMMARY AND CONCLUSION
A new dynamic, high-resolution x-ray imager, the solid state x-ray image intensifier (SSXII), has been developed to improve upon current-state-of-the-art detectors. A component analysis has been performed for objective performance assessment. Using photon transfer, the camera gain constant was measured, enabling measurement of the EMCCD sensor performance. Very low effective read noise levels of less than 1 electron rms were realized when using the variable signal amplification, three orders of magnitude less than that of current FPDs. The variable EMCCD gain enables selectable x-ray sensitivities ranging from 8.5 to more than 15k electrons per x-ray photon. The transmission efficiency and MTF associated with each component in the imaging chain were measured to diagnose their performance and to assist in further improving upon the overall detector design. Detector MTF and DQE measurements indicate that performance of the SSXII is comparable to current state-of-the-art detectors at low spatial frequencies and far exceeds them at higher spatial frequencies. Component analysis suggests that these improvements may be substantially increased with further detector optimization, potentially resulting in even greater improvements relative to standard radiographic and fluoroscopic imagers. The frequency dependent instrumentation noise equivalent exposure (INEE) was measured to be maximally 0.3 µR at 10 cycles / mm, indicating the ability to maintain quantum limited performance well below current fluoroscopic exposure rates. These results indicate that this detector technology offers great promise to be the basis of next generation dynamic x-ray imager arrays.
